In horticulture, grafting is a popular technique used to combine positive traits from two different plants. This 28 is achieved by joining the plant top part (scion) onto a rootstock which contains the stem and roots. Despite its 29 wide use, the biological mechanisms driving rootstock-induced alterations of the scion phenotype remain 30 largely unknown. Given that epigenetics plays a crucial role during distance signalling in plants, we studied 31 the genome-wide changes induced by DNA methylation in eggplant (Solanum melongena) plants grafted onto 32 two interspecific rootstocks used to increase scion vigour. As a control, we compared any epigenetic effect 33 found in such grafts to patterns detected in self-grafted plants. We found that vigour was associated with a 34 specific change in scion gene expression and a genome-wide hypomethylation in CHH context. Interestingly, 35 this hypomethylation correlated with the down-regulation of younger and potentially more active LTR 36 retrotransposons (LTR-TEs), suggesting that graft-induced epigenetic modifications are associated to both 37 physiological and molecular phenotypes in grafted plants. We propose that rootstocks can promote vigour by 38 reducing DNA methylation in the scion genome, following similar principles found in some heterotic hybrids. 39 40
Introduction
Grafting is the process of joining plant tissues of two plants: the scion (upper part) and rootstock (lower part), Here we analysed the genome-wide methylation profiles of eggplant scions from interspecific grafting 81 combinations, using S. torvum and a tomato hybrid as rootstocks. We observed that the enhanced vigour 82 induced by these rootstocks is associated with genome-wide decrease of CHH methylation, occurring at both 83 coding genes and transposons. In addition, we found that DNA demethylation is also associated with a 84 difference in transcriptional analysis between hetero-grafted and self-grafted plants. Interestingly, many of the 85 identified differentially regulated genes are involved in plant developmental processes directly or indirectly 86 related to the grafting response while Transposable Elements (TEs) transcriptional regulation appears to be 87 modulated in an age-related fashion. 88
Results

89
Enhanced vigour in hetero-grafted eggplant scions is associated to genome-wide CHH hypomethylation. 90
To study the effect of grafting on vigour, we grafted eggplant scions (double haploid line derived from the 91 commercial hybrid 'Ecavi') on three rootstocks: i) the wild species Solanum torvum, ii) the tomato F1 92 commercial hybrid 'Emperador RZ' and iii) the same eggplant genotype (self-grafting) ( Fig. 1a) . Both S. 93 torvum and 'Emperador RZ' were previously reported to induce vigour in eggplant scions (Bogoescu and 94 Doltu, 2015; Gisbert et al., 2011) . Indeed, five months after grafting, the hetero-grafted plants showed a 95 remarkable and statistically significant increase in height when compared to self-grafted eggplants, used as 96 reference control (Fig. 1b) . Depending on whether the rootstock used was S. torvum or the tomato 'Emperador 97 RZ', eggplant scions respectively displayed a marked bushy phenotype or more pronounced vertical growth 98 ( Fig. 1c) . 99
It has been hypothesised that DNA methylation is the driving mechanism generating phenotypic diversity via 100 grafting (Melnyk, 2017) . To test whether changes in cytosine methylation might indeed be associated with 101 observed differences in scion vigour, we performed genome-wide bisulfite sequencing of DNA samples 102 extracted from two eggplant scions of each grafting combination described above, and two biological replicates 103 of ungrafted eggplants. After quality control and data processing, roughly 72.5 M reads per sample were 104 sequenced, with an average 9X coverage of the eggplant genome. We generated the first eggplant genome 105 methylation profile at single cytosine resolution, which in leaf tissue displayed 91% methylation in CG, 84% 106 in CHG and 19% in CHH contexts (Table S1 ). In wild type ungrafted eggplant, the DNA methylation in CG 107 and CHG contexts was more pronounced in the central part of each chromosome, while decreased occurred in 108 the terminal parts of the chromosome arms. In contrast, CHH methylation was more evenly distributed across 109 the genome (Fig. S1) . This profile is similar to DNA methylation patterns reported for the same tissue in other 110
Solanaceaes (Wang et al., 2018; Zhong et al., 2013) , characterized by a general anti-correlation of DNA 111 methylation (mostly in CG and CHG context) and coding genes and is associated with an increasing abundance 112 of methylated TEs in the central part of chromosomes ( Fig. S1) . 113 methylation of 3.37% and 2.58% respectively in scions grafted onto S. torvum and 'Emperador RZ' when 116 compared to the self-grafted plants ( Fig. 2a) . This decrease appeared to be uniformly distributed along 117 chromosomes (Fig 2b, Fig. S2 ). Unlike methylation in CHH context, the methylation in CG and CHG contexts 118 remained unchanged in both self-and hetero-grafted scions ( Fig. 2a-b, Fig. S2 ). Further analyses showed that 119 CHH hypomethylation was more prominent at TEs than at coding genes, but not specific for a particular TE 120 family ( Fig. 2c-d, Fig. S3 ). 121 122
Hetero-grafted plants display similar transcriptional profile 123
To further investigate whether differences in DNA methylation were associated with changes in transcription, 124
we profiled the genome-wide RNA expression in the same grafted scion samples, by strand-specific RNA-125 sequencing ( Table S2 ). Next, we compared the transcriptome of both eggplant hetero-grafted scions to self-126 grafted scions. Despite different species were used as rootstock, we observed that the transcription profiles of 127 eggplant scions grafted onto S. torvum and 'Emperador RZ' clustered together and clearly diverge from self-128 grafted controls ( Fig. 3a) . This indicates that both changes in DNA methylation and in transcription are 129 associated with the altered phenotype observed in hetero-grafted eggplants compared to self-grafted plants. 130
The differential expression analysis revealed a prevalence of down-regulated genes in scions grafted onto both 131 S. torvum (65%, Fig. 3b ) and 'Emperador RZ' (61%, Fig 3c) . In particular, we observed that 464 genes were 132 up-regulated and 875 were down-regulated in scions grafted onto S. torvum, while 434 and 704 genes were 133 found respectively up and down-regulated in scions grafted onto 'Emperador RZ' (Fig. S4 a-b , Tables S3-134   S4 ). In addition, 151 up-regulated and 462 down-regulated genes are shared between the two hetero-grafted 135 categories ( Fig. S4 a-b , Tables S3-S4). Validation performed by qPCR confirmed the change of expressions 136 of 11 randomly selected genes, in scions grafted onto S. torvum (6 genes) and onto 'Emperador RZ' (5 genes) 137 Table S5 ). 138 139 Next, we explored whether the decrease in CHH methylation observed in the two hetero-grafted conditions is 140 associated with a change in expression level of key regulators of non-CG methylation pathways. For this 141 purpose, we selected a list of the most relevant genes involved in RdDM processes in Arabidopsis and, using 142 a blastp search, we retrieved the corresponding eggplant orthologs (Table S6 ) and assessed their transcriptional 143 status. We observed that the eggplant orthologs of the nucleosome remodeler DDM1 (SMEL_002g159290.1) 144 and the argonaute protein AGO7 (SMEL_001g147190.1) were up-regulated in both eggplant grafted on S. 145 torvum and 'Emperador RZ', compared to the self-grafted controls ( Table S6 ), suggesting that epigenetic 146 regulation could be differentially modulated in hetero-grafted plants. 147
In order to examine whether differentially expressed genes (DEGs) were involved in specific developmental 148 processes that could explain the vigour of hetero-grafted scions, we performed a GO-enrichment analysis 149 taking into account, separately, two datasets containing respectively up-and down-regulated genes in We observed enrichment (p-value < 0.05) among up-regulated genes involved in early developmental 152 processes such as cell division, regulation of cell-cycle and DNA replication, which are consistent with the 153 increased vigour observed in the hetero-grafted plants ( Table S7 , Fig S6) . Side by side, the enrichment analysis 154 on down-regulated genes (p-value < 0.05) highlighted a basal response characterised by prevalent GO terms 155 associated to transmembrane transport, ion binding and response to stimuli, which might be directly or 156 indirectly triggered by grafting (Table S8, Fig S6) . 157 158
Grafting modulates Transposable Elements expression. 159
We then inspected whether transcriptional activity of TEs, which are directly silenced by DNA methylation, 160 differed between hetero-grafted and self-grafted plants. After filtering repeats annotated on the eggplant 161 reference genome (Barchi et al., 2019), we selected putative transposable elements (Table S9 ) and performed 162 differential expression analysis. TEs appeared to be regulated similarly to genes, with more down-regulated 163 elements (341 and 201 TEs down-regulated and 95 and 32 TEs up-regulated in scions grafted respectively onto 164 S. torvum and 'Emperador RZ') compared to the self-grafted plants (Table S10) were commonly repressed in both hetero-grafted scions ( Fig. 4a-b , Table S10 ). 170
To further investigate LTR TEs expression, we developed the functional annotation pipeline LTRpred 171 (https://hajkd.github.io/LTRpred/) and applied it to the eggplant genome assembly to de novo re-annotate LTR 172
TEs. We designed LTRpred to screen for old and young LTR TEs and to predict their functional capacity based 173 on a well-defined sequence composition and intact sequence motifs. Together, LTRpred allowed us to study 174 the association between novel LTR TEs and their epigenetic regulation during grafting. Differential expression 175 analysis of these newly annotated LTR TEs again correlated in both hetero-grafted combinations ( Fig. S4c-d , 176 S7), similarly to what we previously observed for genes ( Fig. 3) . A down-regulation trend was observed for 177 the annotated LTR TEs both in plants grafted onto S. torvum (73%) and 'Emperador RZ' (66%) compared to 178 the self-grafted controls (Table S11-S12). Specifically, in eggplant scions grafted onto S. torvum, 63 179 differentially expressed LTRs were identified (17 are up-regulated and 46 down-regulated) ( Fig. S4c-d) , while 180 32 TEs were differentially expressed in plants grafted onto 'Emperador RZ' rootstock (11 up-regulated and 21 181 down-regulated) ( Fig. S4c-d) . A significant proportion of these LTR TEs (6 up-regulated genes and 20 down-182 regulated) were shared between the two heterograft combinations ( Fig. S4c-d , Table S11-S12). 183
Interestingly, we observed that the average LTR identity, a strong indicator of the age of TEs, is high (= young 184 elements) in LTR-TEs upregulated in hetero-grafted scions and consistently lower (= old elements) in down-185 regulated LTR-TEs ( Fig. 4c) . Therefore, our result suggests that the heterograft condition might regulate the transcription of TEs in an age-dependent fashion, by promoting expression of older TEs and by repressing 187 young and potentially more mobile TEs. 188 189
Discussion
190
Eggplant is one of the most successful commercially grafted herbaceous plants, with a high degree of 191 compatibility for interspecific grafting which may provide enhanced vigour and resistance to pathogens (Lee 192 and Oda, 2010). While most resistance to root pathogens of grafted plants derives from intrinsic properties of 193 the rootstocks, the molecular mechanism of grafting and how particular graft combinations enhance scion 194 vigour is largely unknown. for many heterotic plant species, and it is generally associated to an increase in plant vigour (Blum, 2013) . In 204 the last decade, there has been a growing appreciation of the potential role of epigenetics in the molecular, indicating that the genetic difference in the parents is not the only factor triggering heterosis. In our study, we 209 observed that a methylation decrease in CHH context was associated to vigour in hetero-grafted eggplant 210
scions, suggesting that changes in DNA methylation induced by the rootstocks in the scion can contribute to 211 an increase in vigour. Remarkably, a genome-wide decrease in CHH methylation was previously associated to 212 hybrid vigour in Arabidopsis, and correlates with general decrease of 24 nt siRNAs (Greaves et al., 2012; 213 Groszmann et al., 2011) . 214
In plants, methylation in CHH context is normally associated with suppression of TEs expression. Therefore, 215 it is surprising that the observed genome-wide decrease of methylation in hetero-grafted scions does not 216 correlate with a wide increase of TE expression, but is rather associated with a more complex regulation 217 resulting in many TEs being down-regulated. One possible explanation is that hypomethylation might activate 218 other silencing mechanisms to reduce RNA transcripts of potentially active TEs, for example Post 219
Transcriptional Gene Silencing (PTGS). This hypothesis is consistent with the observed up-regulation of AGO7, associated to PTGS in Arabidopsis (Carbonell and Carrington, 2015) , and the preferential suppression 221 of younger and potentially more active LTR TEs. 
Bisulfite conversion of genomic DNA 251
Genomic DNA (120 ng) were bisulfite-converted using the EZ DNA Methylation-Gold Kit (Zymo Research, 252 Irvine, CA) following the manufacturer's recommendation with minor modifications. In order to increase the 253 chances to obtain a high conversion rate, the conversion step was repeated twice. Samples underwent the 254 following reaction in a thermal cycler: 98°C for 10 minutes, 64°C for 2.5 hours, 98°C for 10 minutes, 53°C 255 for 30 minutes, then 8 cycles at 53°C for 6 minutes followed by 37°C for 30 minutes and a final incubation at 256 4°C overnight. Bisulfite conversion was performed on duplicates of each experimental condition. 257
Library preparation and sequencing 258
Converted samples were immediately used to prepare bisulfite libraries employing the TrueSeq DNA 259 We computed chloroplast mappability on the eggplant genome using the gem-mappability tool from the Gem 275 library (Derrien et al., 2012) , with a k-mer size of 75 bp and allowing a maximum of one mismatch, and only 276 unique regions (mappability = 1) were used to estimate conversion. To account for non-converted DNA, we 277 applied a correction according to Catoni et al. (2017) . Briefly, the number of methylated reads were decreased 278 as: m*= max(0, mnc) (where m* is the corrected number of methylated reads, m is the raw number of 279 methylated reads, n is the total number of reads and c is the conversion rate). DNA methylation at different 280 cytosine contexts were plotted on chromosome using the R package DMRcaller . to de novo re-annotate retrotransposons within the eggplant genome assembly. The output of LTRpred was 287 then used as input for htseq-count. We applied a stringent presence-call filter, restricting the analysis to those 288 annotated genes or LTRs with more than five counts-per-million in the two biological replicates. Differential is presented on the left. b Scatter-plots of annotated genes (n =34,917) in Self and EMP conditions, each dot 439 represent a genes and in red are displayed differentially expressed genes between the two conditions. c Scatter-plots of annotated genes in Self and TOR conditions. In purple are displayed differentially expressed genes 441 between the two conditions. 442 between the two conditions. c Scatter-plots of annotated LTR-TEs (n =6,583) in Self and TOR conditions. In 484 purple are displayed differentially expressed LTR-TEs between the two conditions. 
